fiection height of the waves. When the ionosphere is perturbed at this height, the waveguide mode structure of the signal tends to change such that its amplitude and phase at the receiver are altered. In this paper we report on a type of signal variation called the "zigzag effect," which frequently appears on VLF/LF propagation paths extending from lower latitudes to the L -4-5 range and is characterized by quasi-periodic fluctuations with periods that are usually in the •-5-60 s range.
On amplitude versus time records these fluctuations often exhibit a roughly triangular or zigzag shape, but on occasion they appear as negative or positive pulsations that develop substantially faster than they recover. 
Sources of Data and Methods of

Analysis
Subionospheric VLF signal data from Siple, Antarctica, and Saskatoon, Canada, were examined. Limited data sets from Palmer and Halley, Antarctica, and from northern hemisphere stations Stanford, California and Lake Mistissini, Quebec were also investigated. Figure  2a shows on a northern hemisphere map signal paths from transmitters NPM, NLK, 48.5 kHz, NSS, NAA, and NAU (circles) to receivers at Saskatoon (SA), Stanford (SU), and Lake Mistissini (LM) (squares). 
Experimental Results
There were similarities as well as differences in the zigzag activity observed at Siple and at Saskatoon, the locations receiving special attention in our study. Because of the differences the results will first be summarized according to receiver location. For convenience we will use the term zigzag effects throughout to denote the occurrence of trains of pulsations in VLF signal amplitude with periods in the •-5-100 s range. Note, however, that there was much Zigzag activity at Siple was found to occur exclusively when the station was poleward of the ionospheric projection of the plasmapause and when substorm activity was at moderate levels or higher as indicated by Kp index levels in the 2-4 range and above. In a typical case, evidence of precipitation into the overlying ionosphere, sometimes pulsating in nature, appeared near or shortly after midnight and the zigzag activity appeared later, when clear evidence of the overhead precipitation was no longer present. Regarding the number of perturbed regions involved in producing the zigzag effect on nearly collinear paths, we suggest that a single perturbed region was often responsible for the observed signal fluctuations. As an example, this appears to have been the case for NLK and NPM on March 8, 1988, at Saskatoon. If two or more independently pulsating regions had been located so as to significantly affect the paths, the fluctuations in the subionospheric signals would not have been expected to exhibit the regularity illustrated in Figures 9, 10, and 11, nor would the phase difference between the NLK and NPM pulsations have been expected to remain nearly the same over the 2-hour period of zigzag activity. A single perturbed region is also consistent with the tendency of the NLK-NPM phase difference to be near either 0 ø or 180 ø in our observations. As a single ionospheric perturbation develops, the waveguide mode structure of an affected signal begins to change such that the total signal at the receiver either increases or decreases, the direction of the change being a complex function of the path geometry and the perturbation location.
In cases of perturbations on signals with well separated arrival bearings, such as 48.5 kHz and the NLK/NPM pair at Saskatoon, simultaneous zigzags, when they did occur, were usually not mutually coherent and are thus attributed to the effects of multiple perturbed regions. In rare cases of coherence over a wide arrival bearing range (as in Figure 9 ), it is likely that a perturbed region was located quite close to the receiving station.
Regarding the horizontal size of the perturbed regions, the data suggest that the regions were typically -050-200 km in extent. A -050-km lower limit is suggested by the regularity with which paths spaced by of order 50 km were simultaneously perturbed (e.g., NLK and NPM at SA, NSS and NAA at SI) and by the above noted evidence in Saskatoon data of a single active region affecting nearly collinear paths at any one time. A -0200 km upper limit is suggested by a regular occurrence pattern in the Siple data, in which well defined zigzags were observed in the predawn hours, while the immediately overhead ionosphere appeared to be relatively undisturbed (see Figures 5 and 6) . We interpret this to mean that the associated perturbed region was centered near a signal path and within a belt extending roughly 500 km equatorward of the station (the plasmapause criterion) but did not extend to the region directly overhead (say within 100 km). 
Modulated Electron Precipitation As a Probable Cause of the Zigzag Effect
It seems clear that the zigzag effect is produced by some type of wave activity at the nighttime -085 km lower ionospheric boundary. A promising source of this wave activity is modulated particle precipitation associated with pulsating aurora. Such a source is suggested by similarities in the occurrence patterns of pulsating aurora and zigzag-type events. At Saskatoon and Siple the latter were found to be restricted to periods of moderate to severe planetary disturbance, were concentrated in the postmidnight time sector, and were absent in simultaneous recordings at stations near L =2. Similarly, pulsating aurora tends to occur within a belt of latitudes equatorward of the discrete aurora and to be concentrated in the postmidnight, predawn hours following substorm activity in the vicinity of the observ- In Figure 13 , the magnetic pulsation data (sixth trace) did not include evidence of ionospheric conductivity enhancements, as was seen in the data of In support of the acoustic wave mechanism we note a recent demonstration that acoustic waves with periods of -•2 min, presumably generated in the auroral region and propagating near the mesopause, can produce significant changes in the amplitude of subionospheric VLF signals at middle latitudes [Bell et al., 1994] . Although the period of these waves is much longer than most of those reported in the present paper, we know of no strong reasons why the same effect cannot occur with acoustic waves of smaller period. There are difficulties in explaining observed zigzag amplitudes, however. In order to perturb a subionospheric VLF signal by -•4% in amplitude, a value less than the -•10-15% typically observed, calculations similar to those of Poulsen et al. A problem with secondary ionization as an exclusive mechanism is that it requires the development and recovery times, presumably controlled by different physical processes, to be closely matched in a large fraction of the observed cases. Also, it may fail to explain some of the faster recovery rates, of order 3 s, such as are illustrated in Figure 13 . On balance therefore it appears necessary to invoke more than one mechanism to explain the data.
The relative occurrence rates of the more symmetric zigzags and the Trimpi-like events have yet to be established. However, the occurrence findings thus far seem broadly consistent with our expections that the electron precipitation fluxes in pulsating aurora become on average more intense and/or harder and also penetrate to lower latitudes as the level of geomagnetic activity increases. This is supported by the apparent tendency of zigzag activity at Kerguelen (L •3.7) to be concentrated in the aftermath of severe disturbances, when Kp 
Remaining Problems
There is much more to learn about the zigzag effect both in terms of experimental observations and interpretation. There is an obvious need to test the idea of pulsating electron precipitation as the "source" of the zigzag effect. To this end there is a need to localize, perhaps through additional VLF signal paths, the regions of ionospheric perturbations, to verify the occurrence of correlated pulsations in electron precipitation, and if such pulsations are detected, to determine how the properties of the zigzag effect are influenced by the incident electron spectrum. More information is needed relating the occurrence of zigzags to the development phases of substorms.
A theory of the zigzag effect must explain a number of observations, including the finding that at Saskatoon the fluctuation amplitudes regularly reached 10-15 % of the mean signal level and sometimes exceeded 50 % of that level, thus tending to be larger than the changes in amplitude observed within the dense plasmasphere by means of the classic Trimpi effect. There is a need to explain why zigzag activity at Saskatoon was more extensive on the west-east NLK/NPM paths than on the east-west NAA and NSS paths.
We do not understand the difference between the frequently episodic nature of the zigzag activity at Siple and its more continuous character at Saskatoon. An important factor may be hemispheric differences in the affected ionospheres and in the properties of pulsating aurora such as might be imposed by differences in the geomagnetic field. Some of the apparent differences may be due to the greater use of visual inspection in the case of the Siple data and of more extensive reprocessing in the case of Saskatoon. 
